We report new calculations of the physical properties of a quark-diquark plasma.
1.Introduction
The main static properties of neutron stars can be studied in the mass-radius (hereafter M − R) plane. As is well known, curves in such a diagram depend on the adopted equation of state (EOS). Generally speaking, for a given EOS in which the matter does not have a self-bound state, the radius of an equilibrium configuration decreases as the mass increases until a maximum (mass) is reached (see, for instance, Ref. 1). Objects less massive and more compact satisfying the condition dM/dR > 0 are unstable.
From an observational point of view, the analysis of a given object in the M − R plane requires the determination of both quantities. Even though masses can be obtained for neutron stars in binary systems, the radius is a quantity of difficult direct access. Some constraints in the M/R ratio have been established, for example, from the analysis of a sample of X-ray bursters 2 .
More recently, Li, Dai and Wang 3 have examined the location of the binary X-ray pulsar Her X-1 in the plane M − R plane. The mass (0.98 ± 0.12M ⊙ ) was calculated using the orbital parameters of the system, whereas the radius of the pulsar (6.7 ± 1.2 km) was estimated using the accretion torque model 4, 5 . The compactness of Her X-1 was previously considered by Mészáros and Riffert 6 , who obtained an even smaller value for the radius (5-6 km) using similar arguments. In spite of the indirect nature of this estimate, it is seems interesting to investigate the consequences when these observational quantities are compared with theoretical expectations. In fact, as Li,Dai and Wang noticed, the majority of the existing EOS predict a considerably higher radius, for a stable configuration of that mass. In particular, pure hadron stars (see Ref. In the present work we revisited the EOS of a diquark-quark mixture, including the vacuum contribution. The vacuum energy density introduces a negative pressure able to produce an absolute stable state 18 , and open the possibility for the existence of a selfbound pure quark-diquark star. We report in this paper calculations of relativistic star configurations and discuss how they relate to the Her X-1 compactness problem.
The Equation of State

2.1.Diquarks
In order to calculate the EOS for a quark-diquark mixture, we consider the spindependent colormagnetic interaction leading to a spin-0 state, whose Hamiltonian is given in paper I. Diquarks of mass m D are assumed to interact through a λφ 4 effective potential due to a bosonic field, and precludes a Bose condensate. The coupling parameter λ may be estimated from the ∆-N mass difference and a variant of the P-matrix formalism 19 .
Since the coupling constant λ is found to be several orders of magnitude larger than the
, we are led to use the results of Colpi et al. 20 , who obtained parametric solutions for the EOS of particles interacting through such an effective potential. In this case, the pressure and the energy density due to diquark-diquark interactions are respectively
and
where z ≥ 1 is a dimensionless parameter and ε 0 is an energy-density scale. If we adopt the same values as in paper I, namely m D = 575 M ev for the diquark mass and λ = 27.8
for the coupling constant, the energy density scale is found to be ε 0 = 32.1 M ev f m −3 .
2.2.Quarks
Due to the broken chiral symmetry just after deconfinement, quarks acquire a mass near the constituent value, i.e., m q ≈ 360M eV , which we assume to be the same for both flavors u, d . If we further assume that the free quarks constitute a Fermi fluid, the energy density for a given flavor is
while the pressure is given by
where n u,d stands for the number density of quarks u or d .
2.3.The quark-diquark mixture
The properties of the quark-diquark plasma are calculated neglecting the contribution from a leptonic component (electrons and muons) because they are not needed to neutralize the bulk matter. In this case, the first condition to be satisfied is the electrical charge neutrality, i.e.,
The second condition states the conservation of the baryon charge, namely,
where n B is the total baryon number density.
The total pressure of the mixture is
where B is the energy density of the vacuum, which in our computations it is assumed to be equal to 57 M eV f m −3 . We note that this choice is made without assuming that B must be the same as the original MIT bag, since there are no compelling reason to force such an identification (see below). Finally, the total energy density is given by
where the first term on the right represents the rest energy density of the quarks.
In order to obtain the equilibrium number density of each constituent, the total energy density was minimized with respect to n D , keeping n B constant. In fact, the condition (∂ε/∂n D ) n B = 0 is equivalent to impose the equality between the chemical potential of diquarks and the sum of the chemical potential of the two quark flavors.
The system of equations above was solved numerically. For a given value of the total baryon density n B , we have computed the number density and the pressure contribution of each constituent, as well as the total pressure and the total energy density. The results of our calculations are given in Table 1 . In the first four columns, we give respectively allowing the existence of a pure quark-diquark star. We note also that the energy density at P = 0 is about 7 B, whereas for a pure quark plasma such a value for the energy density is 4 B. A plot of the equation of state is given in Fig.1 .
3.Stellar Models
The equation of state obtained for the quark-diquark mixture and the well known Tolman-Oppenheimer-Volkoff (TOV) equations were integrated numerically, following the same procedure as Freitas Pacheco et al. 7 . For a given baryonic central density, the TOV equations were integrated outwards until the condition P = 0 is satisfied.
The resulting M − R relationship obtained from these calculations is shown in Fig.2, while the plot of n B − M is shown in Figure 3 . Stars of low mass (M < 0.8M ⊙ ) are nearly uniform, since the density ratio between the center and the surface is less than a factor of two. The maximum mass for a stable configuration is 1. It is only by imposing those high values of B that the required compactness is obtained 13 . In our models the quark-diquark mixture produces a softer EOS than a pure quark plasma and, as a consequence, a more compact equilibrium configuration for the same mass and vacuum energy density.
If Her X-1 is really quite compact, than a stable pure quark-diquark star is compatible with the required M −R values, without forcing the acceptable range of physical parameters like the vacuum energy density or the particle effective masses. However the maximum stable mass for these particular models is slightly lower than the derived value of the more massive member in the binary pulsar PSR 1913+16 (1.44 M ⊙ ). It's worth mentioning that other X-ray sources other than Her X-1 are suspect of being very compact. If the 4.1 keV line observed in the burster MXB 1636-536 is a gravitationally redshifted Kα F e line 21 , then the use of a "canonical" neutron star forces a radius of only 6.7 km. However, the inclusion of the transverse Doppler effect due to rotation of the accreted gas 22 may increase the radius up to 10 km, compatible with neutron stars modeled through some popular EOS. Fujimoto and Gottwald 23 based on the assumption that the burster MXB 1728-34 attained the Eddington limit at maximum flux, and modeling the X-ray " color " evolution, concluded that the compact object must have a mass of M ≈ 1.2M ⊙ and a radius of R ≈ 7.5km. These values match those we derived for a diquark-quark star near the instability limit. It is important to note that at least three independent methods have been employed to determine these low-radius figures.
4.Conclusions
We have reported new calculations of the physical conditions prevailing in a mixture of deconfined quarks and diquarks, satisfying the condition of zero charge. The inclusion of confining forces (vacuum) induces the existence of a stable state of the mixture at P = 0, and at a baryon density of about 2.2 times the nuclear matter density. This state has an energy density of about 7 B, which should be compared to the value 4 B derived for stable strange matter 8 . Moreover, it is clear that this property is shared by a family of EOS of the same type parametrised by the vacuum energy B. Although we have only given our results for a fixed B numerically equal to the MIT bag constant, this quantity should be considered as a parameter measuring of the uncertain behaviour of the QCD vacuum and need not be related to the former.
The TOV equations were solved numerically, and the resulting equilibrium configurations are more compact than strange stars. In particular, a quark-diquark star is able to explain the M − R values of Her X-1, if we accept that the radius is correctly estimated from the accretion torque theory.
The softness of the resulting EOS for the quark-diquark mixture implies in a maximum stable mass of only 1.18 M ⊙ , and thus the presented models would not be able to explain the nature of other compact stars like the more massive component of the binary pulsar PSR 1913+16. We have emphasized that there is some evidence that other objects like MXB 1728-34 may also be quite compact. In spite of the fact that the mass and the radius are estimated from simple models, (and therefore subject to some change) the compactness of these X-ray sources certainly raises some problems for which these exotic models may be useful. The main reason is that M → 0 when R → 0 for stars of self-bound matter and the models are thus "naturally" compact for relatively low masses. It is clear that if the orthodox interpretation in terms of nothing but one type of neutron star is maintained, then a softer EOS is required in order to produce the necessary compactness, but probably we have to face the problem of a theoretical reduction of the maximum mass for the last stable object and conflict with the binary pulsar mass determination. The main point made in our work has been to show the existence of a whole class of exotic models for which we state that a subset of them 24 can satisfy both the binary pulsar mass bound and the compactness of Her X-1 and related sources. Alternatively, the evidence could be taken as a hint for the existence of at least two types of compact stars, but if this is the case there would be no compelling need to accomodate both classes in a single stellar sequence. 
